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SUMMARY

Tests were conducted to determine the properties of (a) several
untreated commercial cotton-fabric phenolic sheet laminates, (b) the
sane lsminates after exposure to a typical postforming heating cycle,
(c) industrially postfomd shapes made from one of these materials,
(d) industrially molded and laboratory-molded shapes, and (e) flat
panels postformed in the laboratory from the laboratory-molded shapes.
Tensile properties, flexural properties, and water absorption were
determined.

In general, the tensile strength of the sheet lsminates varied
from 8,OOO to 12,000 psi, the tensile secant modulus varied from.
0.8 X 10b to 1.3 X 106 psi for the stress range O to 2,500 psi, the
flexure strength varied from 15,000 to 26,000 psi, and the flexure

modulus vsried from 0.7 x 106 to 1.2 X 106 psi. Most of the materi-
als showed directional variations in strength when tested parallel
to, perpendicular to, and at 45° to the wsrp yarn in the face ply of
the fabric. In general, the lowest strength values were obtained in
the 45° direction. There was some indication that for those materials
in which the tensile strength and modulus were greater in one direc-
tion, the flexural strength and modulus were also greater in that’
direction.

In general, heating the kninate sheets in oil at 375° F up to
120 seconds or in air at 400° F up to 5 minutes, as was done in the
postforming operation, resulted in slight changes in dimensions. The
thickness increased as much as 3.5 percent and the length and width
decreased as much as 1 percent with one exception, in which case the
thickness increased 14 percent. The flexural strength decreased less
than 12 percent in most cases.

Industrial postforming decreased the strength of the flat sec-
tions of the postformed parts less than 15 percent in most cases.
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The water absorption did not change appreciably for the flat sections,
but increased approximately 20 percent for a 30° curved.section and
approximately 50 percent for a ~“ curved section.

The strength of industriallymolded part~ was significantly less
th~ that of similar sheet laminates. The tensile strength of the flat
sections was less by an average of approximately 35 percent and the
flexural strength, by an average of approximately 20 percent.

The flexural strength and modulus of the flat sections of laboratory-
molded V-psmels were equal to or slightly greater than those of similar
sheet leminates. In general, postforting did not appreciably affect the
strengths of the formerly flat sections of these panels. The results
differed for the postformed 45° and 90° curved sections, depending some-
what on the side of the material under tension during test and on the
orientation of the warp yarn in the top layer of fabric. In most cases,
the flexural strength of these formerly 45° curved sections was equal to,
or not more than approximately 40 percent less than, the flexural strength
of the flat sections, and the strength of the formerly 90° curved sections
was eqml to, or not more than approximately 25 percent less than, the
strength of the formerly 45° curved sections.

The water absorption for the 45° and 90° curved sections of the
laboratory-moldedpanels was equal to or less than that for the flat
sections. After postforming, in general, the absorption was not changed
appreciably for the flat sections but was as much as approximately 25 per-

.

cent higher for the formerly 45° curved sections and as much as approxi-
mately 50 percent higher for the formerly 900 curved sections. k

INTRODUCTION

The first known literature reference to the fact that cured phenolic
leminates can be formed when heated is contained in a footnote to a table
in a paper published in 1922 by Dellinger s.ndPreston (ref. 1). They
stated that thin sheets could be pressed to simple shapes when warm. How-
ever, the art and commercial application of postforming phenolic lsdnates
was developed within the last 15 yesrs. Postforming was developed and
used extensively> especially in the construction of aircraft components}
during World War II. One of the foremost early workers with this tech-
nique, Beach (refs. 2 to 7 and ref. 8 by Nash and Beach), refers to the
process as thermoplastic forming of laminates. Types of laminates partic-
ularly suited for postformingj methods of postforming, and applications of
postforming have been described by v’sriousinvestigators (refs. 9 to 17).
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The fact that phenolic lsninates can be postformed points out
forcefully that thermosetting plastics sre to some extent thermoplastic.

G Fully cured standard grades of phenolic ldnates in thin sheets become
soft and pliable at elevated temperatures end can be formed into simple
shapes. However, forming is easier, more complicated shapes can be made,
and improved results are obtained if appropriate modifications are made
in the resin and fabric used. The resin may be modified to obtain a wide
range of flexibility at the temperature of forming (ref. 8); the use of
undercured stocks is not recommended by Beach (see ref. 8). Fabrics that
stretch more, without rupturing, than the ducks commonly used in plastic
laminates maybe used (ref. 18). With a suitably formulated resin the
limiting factor in forming is the amount the fabric can be stretched
(ref. 8).

This report presents data on the properties of (a) several commer-
cial postforming cotton-fabric phenolic laninates, (b) industrially post-
formed shapes made from one of these materials, (c) industrially molded
shapes made from a similsr base fabric and resin, and (d) laboratory
postforming stock, molded shapes, and postformed shapes made from the
same lot of resin-coated fabric used by one of the manufacturers to
mske one of their commercial postforming stocks.

This investigation was conducted under the sponsorship ad
with the financial assistance of the National Advisory Committee for
Aeronautics. The cooperation of the Continental-Diamond Fibre Co., the.
Formica Co., North American Aviation, tic., the Richardson Co., the
Synthane Corp., and the Westinghouse Electric Corp. in supplying mate-

● rials for use in this investigation is greatly appreciated. The assist-
ance of Mesdsmes R. H. Thomason, R. E. Msmn, and M. Jorgensen in con-

. ducting the tests and of Mr. John Mandel in advising in the statistical
analysis of the data is gratefully acknowledged.

The materials used in this investigation are listed in table I. The
ssme stock of resin-impregnated fabric was used h ssmples SB2, SC1, SC2,
MC1, andPCl (code explained in the footnote, table I). Likewise, ssmples
SB3, SC3, MC2, and PC2 were prepared from a single stock of resin-impregnated ,
fabric.

The following data were supplied concerning materials furnishedby
source B. The materials were molded in a hydraulic press with steam-
heated platens. The molding temperature was measured by a thermocouple

. placed in a cushion one-twentieth of the distance between the lsminate
smd the press platen. Sheets SB2 snd SB3 were molded at 1,100 psi.
Sheet SB2 was held in the press for 15 to 30 minutes after reaching 160° C.

w
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Sheet SB3 was held in the press for m minutes after reaching 153° to
.

1550 c. Angles MBl and channels MB2were molded at 2,000 psi for ~ min-
utes after the molding temperature of 1600 C was reached. The platens .

were cooled rapidly by circulating cold water. The outer faces of s&n-
ples MBl and MB2 were machined to the indicated dimensions.

The ssmples made at the National Bureau of Standards were molded in
a hydraulic press with stesm-heated platens. In the it-plyssmples, the
warp yarns of the two center piles were parallel to each other and per-
pendicular to the outer plies, resulting in the outer plies being parallel
to one another. In the 9-ply ssmples, the warp yarns of the two outer
plies were parallel to one another; adjacent plies were perpendicular to
one another throughout the panel. In the 16-pIy ssmples, the warp yarns
of the two outer plies were parallel to one another; adjacent plies were
perpendiculm to one another except for the two center plies which were
puallel to one another. The temperature during molding was measured
with a thermocouple placed between plies of the sheets. The layers of
resin-impregns,tedfabric were placed in the press end the temperature
was raised to 153° to 155° C!in 15 minutes snd maintained there for
30 minutes. The platens were cooled rapidly by circulating cold water.

The pressures used for molding the various ssmples at the National
Bureau of Stsmdards were as follows:

Ssmple Pressure, psi

Sheets SC1 200

Sheets SC2 1,000

Sheets SC3 ylo

Molded V-panels MC1 1,000

Molded V-panels MC2 1,000

Ssmple SC3 was molded so as to obtain a laninate du@icating ssrapleSB3,
which was made with a molding pressure of 1,100 psi. However, a pressure
of 1,000 psi caused an excess of resin to run from sample SC3. The dupli-
cation was therefore attempted on the basis of density and it was found
that a pressure of 500 psi produced a lsminate with a density similsr to
that of tiheSB3 sample material.

The V-sections, ssmples MC1 smd MC2 illustrated in figure 1, were
molded in l/16-inch thickness from four plies of resin-impregnated fabric

.

b
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by using a steel mold. Three types
of the wsrp yarn of the outer plies
tion of the molded V-section; the R

5

were made, vsr~ in the orientation
with respect to the lengthwise direc-
designation (table I) indicates psr-

allel orientation, the S designation, 45° orientation, and the T designa-
tion, perpendicul~ orientation. After laminating, the edges were trimmed
and the panels were stored at 25° C and ~-percent relative hmidity for
at least 96 hours before postforming. Some of these samples were post-
formed into essentially flat sheets, samples PC1 and PC2.

POSTFO-G

flat
Samples MC1 andMC2,
sheets by heating in

molded V-panels, were postformed into essentially
a circulating-air oven, removing, and pressing

between hardw60d blocks in u arbor press for ~“ seconds. ‘The pressure
was applied less than 5 seconds after removal from the oven. The temper-
atures and times used were slightly below those that would produce blis-
tering as determined by trial experiments. Ssmple MC1 was heated for
180 seconds at 204.5° C (400° F) and sample MC2 for 60 seconds at this
ssme temperature. The resulting flat pauels, samples PC1 and PC2, made
from the V-sections had slight ridges along the former lines of curvature.
The deviation from flatness of these ridges was less than 0.010 inch in
most cases.

The PG1 chsmnels and PG2 angles were postformed from ssmple SB1 by
heating in a circulating-air oven at 2740 ~ 14° C (525° ~ 25° F) for 55
to 60 seconds ~d molding between hardwood blocks. The postformed parts,
ssmples PG1 ~d PG2, sm.dtheir respective blanks, cut from ssmple SB1, are
shown in figures 2 and 3, respectively. —.

t
HEAT !rREA!nms

The effects of the heating conditions used in postforming were deter-
mined by heating specimens of samples SAl, SA2, SB1, SD1, SE1, SF1, and
SF2 by two different methods. In one method the materials were placed
in a circulating-air oven at 204.5° C (400° F) for the period of time
indicated in tables 11 and III. In the other method the materials were
immersed in oil at 190.5° C (375° F) for the period of time indicated in
tables II and IV. In some of the latter tests, SAE 20 lubricating oil
containing I-Opercent sulli?urwas used; in other cases, ~kol psraffin
oil was used. The longest period of time Used was slightly less thsm
that required to produce blistering of the material.
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SAMPLING PROCEDURE

The specimens for all tests of ssmples SAl, SA2, “SD1,SF1, and SF2
were cut from a single sheet of each material. Since ssmple SB1 con-
sisted of blanks cut for forming, the lsrgest about 8 by 9 inches, as
shown in figures 2 and 3, groups of specimens for a test were composites
taken from three of these nominally identical blankq. The tensile test
specimens of ssmple SE1 were taken fromone sheet and the flexural test
specimens from another. Large yieces of these samples were subjected
to the heat treatments before being cut into test specimens.

The ‘specimensfor all the tests of ssmples SB2-8X, SB2-4X, SB3-8Y,
and SB3-4Y were also cut from a single sheet of each material. For sam-
ples SB2-16Xsnd SB3-16Y, the sheets were cut into halves, one-half of
each sheet was then cut in half, and sets of specimens were”taken from
each of these three puts.

Sets of test spectiens were cut from samples SAl, SA2, SB1, SB2,
SB3, SD1, SEI, SF1, and SF2 in each of three directions. The lengths of
the test specimens were either parallel to, perpendicular to, or at ~5°
to the wsrp yarn in the fabric of the face ply.

Five tensile specimens in the parallel &Lrection only and five flex-
ural specimens in each of the three directions were cut from each sheet
of samples SC1, SC2, and SC3 as ild.ustratedin figure 4. One sheet each
of SC1 and SC2 smd two sheets of SC3 were tested.

Four flexural and two tensile specimens-were cut from each of the
w

three sides of two ssmples of channels MB2-16, MB2-8, and MB2-4. Six
flexural and two tensile specimens were cut from each of the two sides of
two pieces of aagles MB1-16, MBI-8, and MB1-4. The specimens were cut
from ssmples MBl and MB2 so that the lengthwise dtiension was psmallel
to the length of the channels and eagles. The orientation of these spec-
imens is illustrated in figure 5.

Six flexural specimens were cut from each puel of semples PC1 and
PC2 so that the lengthwise directio~ of the spectiens was perpendicular
to the axis of the V-section originally molded in the sheets. Since the
flattened V-sections had slight ridges at the site of the former curva-
tures, the flexural spectiens had three ridges across each one. Drawings
of the V-sections before snd after postforming are shown in figure 6.
The figure shows that the two outer ridges were obtained-by flattening
45° bends and the ’innerridge by flattening a 90° bend.

Water-absorptio’nspecimens, 0.5 by 1.5 inches, were cut from strips,
1.5 inches wide, of ssmples MCI, MC2, PC1, end PC2 so that three types
were produced. One type was cut from a flat section outside the V-area.



NACATN 3825 7

A second type was cut with a 450 bend or a ridge resulting from a flattened
45° bend along the longitudinal center line. The third type was cut with
a 90° bend or a ridge resulting from a flattened 90° bend along the longi-
tudinal center line. For these measurements, panels of ssmples MC1 and
MC2 were cut crosswise to the longitudinal axis of the V-section into two
pieces; one piece was cut into test specimens, and the other piece was
postformed flat, giving panels of PC1 and PC2, and then cut into test
specimens. Consequently, test specimens both before ad after postforming
were cut from the sane psnels.

Water-absorption specimens, 0.5 by 1 inch, were cut from PG1 channels
and PG2 angles with the sx.isof the curved section parallel to the l-inch
dimension.-

The tensile properties

MEI!HODSOF TEST

Tensile Tests

were measured h

—

accordance with Method
No. 101.1of Federal Specification L-p-406a (ref. 19) except that the rate
of head separation was maintained at 0.05 inch per minute throughout the
test. Load-extension curves were obtained on a Southwark-Templin auto-

. graphic recorder which was operated by a Southwsrk-Peters plastics exten-
someter mounted on the specimens. The tests were made on a universal
hydraulic testing machine using ranges of O to 24o pounds, O to

* 1,200 pounds, or O to 2,4oO pounds. The test specimens conformed to
type 1 of Method No. 10IL

Flexure Tests

The flexural strength and modulus of elasticiw in bending (flexu-
ral modulus) were measured in accordance with Method No. 1031 of Federal
Specification L-P-406a (ref. 19) using the O- to 240-pound range of a
universal hydraulic testing machine. The tests were conducted at a span-
depth ratio of 16:1 using the equipment described in reference 20 and
pictured in reference 21. The load-deflection cuves were obtained on a
Southwsrk-Templin autographic recorder which was operated by a Southwark-
Peters plastics extensoneter. The supports ud loading nose of the jig
were rounded to a rsdius of 1/32 inch. The test specimens were 0.5 inch
wide and 5 inches long. —

.

.
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Water-AbsorptionT&sts

The water-absorptiontests were made in accordance with Method
No. 7031 of Federal SpecificationL-P-406a (ref. 19), except that it was
found necessary to reduce the size of the specimens. The spechens Of

samples SB1, PG1, and PG2 were 0.5 by 1 inch. The specimens of sam-
ples MC1, MC2, PC1, and PC2 were 0.5 by 1.5 inches.

Conditioning

All specimens were conditioned at least 48 hours at 25° C and
50-percent relative humidity prior to testing and were tested at the
sane conditions.

Statistical Calculations

The variability of expertiental results, which includes both test
error and variability smong different specimens of the same material,
is expressed in most cases in terms of the coefficient of variation C.V.
calculated by the following formula (ref. 22):

where

A

C.v.

di

n

The
formula

C*V. =

average result

coefficient of

A

variation, percent

deviation of individual result i from average

number of test results

standsrd error of the average was calculated according to the

The results obtained
observed differences

were analyzed statistically to determine whether
were significant.

.

.

.

.
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RESULTS

Initial Properties of Sheet Materials

The tensile strength, tensile modulus of elasticity, and strain at
failure of cotton-fabric phenolic sheet lsminates sxe presented in
tables V, VI, and VII, respective~. The flexural strength and flexural
modulus of elasticity ue presented in tables VIII and IX, respectively.

The aversge tensile strengths of the flat sheets in all directions
were in the range of 8,OOO to 12,000 psi, except for the samples SF1 and
SF2 which were higher in the lengthwise direction (table V). Some of the
materisls did not show any appreciable directional variation in tensile
strength; in some materials, the tensile strength in the 45° direction
was as much as approximately 25 percent less than that in the lengthwise
and crosswise directions, and, in others, the tensile strength in both
the 45° and the crosswise directions was less than that in the lengthwise
direction. For the SF1 and SF2 materials, the tensile strengths were
approximately ko to 50 percent less in the 45° and the crosswise direc-
tions than in the lengthwise. For some materials, certain thicknesses
showed directional variations with respect to tensile strength whereas
other thiclmesses of the same material did not. There was no consistent
indication of variation of tensile strength with the thiclmess of the
laminate for a given sample.

The average values for tensile modulus (table VZ) ovegthe stress
● rsnge of O to 2,500 psi raged from approx@ately 0.8 x 10 to

1.3x 106 psi. In most cases, those materials exhibiting higher tensile
strengths in one direction also exhibited higher tensile-modulus values
in the same direction. The modulus in the 45° and crosswise directions
was less than that in the lengthwise tiection by as much as approximately
30 percent.

The values for strain at failure (table VII) differed widely for
the materials tested, from average values of 1.7 to 7.5 percent. There
was no consistent behavior with respect to the direction of wsxp yarn or
to tensile strength or tensile modulus.

The average values obtained for flexural strength (table VIII) varied
from approximate~ 15,OOO to 26,000 psi. Directional variations in flex-
ural strength were usually observed in those materials in which variations
in tensile strength had been observed. In some cases, there was no sig-
nificant directional effect for flexural strength; in some casesJ the

strength was less by as much as approxtiately 20 percent in the 45° direc-
tion only; and, in others, the strength was less h bo~ the 45° and cross-
wise directions. However, as in the tensile tests, the SF1 and SF2 mate-
rials showed high strength values in the lengthwise directions and sig-

W nificantly lower values for the 45° and crosswise directions.
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The average values for flexux
e

modulus of elasticity (table IX)
ranged from approximate~ 0.7 x 10 to 1.2 x 106 psi. Again, as in
tensile properties, in most cases those materials showing directional
variations in flexural strength exhibited directional variations in the
flexural modulus. The values obtained for the modulus for the transverse
directions were as much as approximately ~ percent lower than those
obtained for the lengthwise direction, and, in a few cases, were as much
as approximately 10 percent higher.

Properties of Heat-Treated Sheet Materials

The dimensional changes on heating, the effects of heating in air
on the flexural properties, and the effects of heating in oil on the flex-
ural properties of the sheeet materials are presented in tables II, III,
end IV, respectively.

The actual measurements of the dimensional changes (table 11) are
significant to 0.2 perceat, but observed differences of less than 1 per-
cent are not considered to reflect real differences in the materials.
The heating of laminate sheets in oil at 375° F up to 120 seconds resulted
in only slight increases in thickness in most cases, varying up to approxi-
mately 3 percent, with no significant changes in others. In one material,
SF1, the thickness increased approximately 14 percent. In most cases,
the decrease in length or width was too smaU to be statistica2Jy sig-
nificant. However, in view of the consistency of this effect, it is
believed that, although small, the decrease caused by heating is real.

.

Heating the Isminate sheets in air at 400° F up to 6 minutes also
b

resulted in only slight increases in the thickness, the highest increase
being 3.5 percent. .In most cases, there was no significant chemge in
the length or width during the heating cycle, but, as above, the con-
sistency of the small changes would indicate a small but real decrease.
Sample SA2-16 warped considerably during both heat treatments.

Heating the sheet laminates in air up to 6 minutes also decreased
the flexural strength less thaa approximately 10 percent (table 111).
The flexural modulus of elasticity decreased less than approxtiately
20 percent in most cases.

The immersion of the laminates in the hot oil up to 120 seconds
decreased the flexural strength less than 12 percent in most cases. The
flexural strength of ssmple SF1 decreased more when immersed in a Markol
paraffin oil than when irmersed in the lubricating oil. The effect of
varying the composition of the i?mnersingfluid was not studied further.
In most cases, the decrease in flexural strength was accompanied by a
decrease in flexural modulus of elasticity. In a few isolated tests,
however, heating increased the modulus slightly.
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Effect of Industrial Postforming on Properties

of Flat Sections

Ssmple SB1-16 was tslsenfrom production materials being used to
postform munition chute parts. The mechanical properties of flat sec-
tions cut from two of these postformedpsrts, ssmples PG1-16 and PG2-16,
were determined and are reported in table X. The water absorption of
flat sections cut from ssmple SB1-16 and of flat and curved sections cut
from ssmples PG1-16 and PG2-16 are also reported in table X.

Postforming resulted in a slight decrease in tensile strength snd
tensile modulus ~d.a slight increase in strain at failure for sample PG1,
which was tested only in the lengthwise direction. The flexural strengths
of both postformed ssmples PGl sad PG2 decreased in all three test direc-
tions. The average decrease in flexural strength for the PG1 spectiens
was approximately 13 percent, whereas the average decrease for the
PG2 specimens was only 4 percent. The flexural modulus also decreased
in all three directions for the PGl ssmple, the average decrease being
approximately 10 percent, but did not change significantly for the
PG2 ssmple.

The water absorption did not change appreciably for the flat sec-
tions of the postformed psrts. The water absorption of the curved sec-

. tions of both -postformedssmples was higher than that of the flat sec-
tions. The average increase
tions and 20 percent for the

.

Properties of

The tensile snd flexure

was approximately w percent for the PG1 sec-
PG2 sections.

Molded Angles and Channels

properties of specimens cut from both molded
channels MBl and molded angles MB2 are presented in tables XI snd XII,
respectively. The differences in properties between flat sheet SB2 snd
angle and channel laminates obtained from the ssme source and molded from
similar materials sre shown in table XIII.

Data were not available to permit a comparison of the properties of
the molded singlesand channels with those of flat sheets made from the
sme materials. However, a comparison of the average values obtained
for the molded pieces with the average values obtained for flat-sheet
smnple SB2 made from similar materials indicates that the tensile strength
for the molded psrts is approximately 30 to @ percent less than that for
the flat sheets. The tensile modulus of elasticity is approxhatel.y
5 to 25 percent less. The flexural strength and the flexural modulus of
elasticity are approxtiately 10 to 25 percent less for the molded psrts
than for the flat sheets.

.
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“

There was no significant difference between the values obtained for
the channels and the angles. Howewr, the values obtained for the flexural
strength with the molded side in tension were slightly higher than those “

obtained with the machined side in tension. Also, there was some indica-
tion that the tensile strength and tensile modulus of the molded pieces
increased slightly with increasing thickness.

Effect of Postforming on 12roperties

of Curved Sections

The molded V-sections, ssmples MC1 and MC2, were postformed to flat
panels. Specimens were cut from the flat and the formerly 45° curved
and 90° curved areas. The flexural strength, flexural modulus of elastic-
ity, and water absorption were determined. The results are presented in
tables XIV, XV, and XVI, respective~.

In discussing the test results obtained on these panels, two separate
meanings sre applied to the use of angular degrees. In one case, 0°, 45°,
and 90° refer to the direction of the warp yarn in the face ply of the
lsminate with respect to the lengthwise direction of the molded V. The
letters R, S, and T are used in the sample designations to indicate,
respectively, these three directions. The angles 4.5°and 90° also refer
to the amount of bending caused by the postforming operation of the
molded V!s, as shown in figure 6.

In analyzing the results of the effects of postforming, the assump-
tion was mede that differences in strength values between the postformed
flat sections and the postformed curved sections were due to the post-
fordng operation and not to the original molding operation. In other
words, it was assumed that the strength of the curved sections of the
original molded V-panels was the same as that of the flat sections. To
achieve this condition insofar as possible, extreme care was used in
molding the V-panels. Some indication that this assumption was vslid
is given by the data for water absorption, presented in table XVI. These
data show that the water absorption of the curved sections of the V-panels
was equal to or less than that of the flat sections of these psnels.

The results of the flexural-strengthtests for PC!land PC2 are shown
graphically in figures 7 and 8. There was little or no chsmge in the
flemral strength of the flat sections of the molded MC1 V-panels on post-
forming (fig. 7 and table XIV). As in the sheet leminates, the strength
of the postformed ssnples with the 45° warp ysrn was slightly less than
that with lengthwise and crosswise warp yarn. For the postformed PCl ssm-
ples, the flexural strength of the formerly 45° and 90° curved sections
averaged approximately 25 percent and 35 percent, respectively, less than
that of the flat sections, except for one ssmrple. The sanple oriented
45° with respect to the warp ysm, when tested with the loading nose

.

.
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applied on the convex side, had a flexural strength approximately 15 per-
cent higher than that of the flat sections. In general, the specimens
of the formerly curved sections had slightly higher strengths when tested
on the convex side than when tested on the concave side.

As in the MC1 samples, postforming did not appreciably affect the
flexural strength of the flat sections of the MC2 panels (fig. 8). The
flexural strengths of the formerly 45° and 90° curved sections, ssm-
ple PC2, when tested on the convex side, were either eqml to or greater
than those of the flat sections. However, when the formerly curved sec-
tions were tested on the concave side, the flexural strength of the for-
merly 45° curved sections averaged approximately 20 percent less than
that of the corresponding flat sections, and that of the formerly 90°
curved sections averaged approximately 35 percent less than that of the
flat sections. Thus, in all of the samples of the formerly curved sec-
tions, the flexural strength was significantly less when tested with the
loading nose applied on the concave side them when tested with it applied
on the convex side.

For the flat sections, both before (samples MC1 and MC2) and after
(samples PC1 and PC2) postforming, the flexural strength of the MC1
and PC1 panels was approximately the same as that of the corresponding
MC2 and PC2 panels in most cases (figs. 7 and 8). For the formerly
curved sections, the values for flexural strengths for the two sets of

. panels were similar when the specimens were tested on the concave side.
When they were tested on the convex side, however, the formerly curved
sections of the PC2 samples with 0° and 90° warp yarn had higher strength

* values thm did the PC1 samples.

The effect of postforming on flexural modulus of elasticity of curved
sections is shown in figures 9(a) and 9(b). As can be seen from table XV,
the flexural modulus of elasticity of the flat sections of the post-
formed PCl V-psmels was approximately 25 percent less than that of the
original flat section MC1. For the PC1 panels, the moduli for the for-
merly 45° and 90° curved sections were approxhnately 15 and 20 percent
less, respectively, than those for the corresponding flat sections, except
for the ssmples oriented 45° with respect to the wsxp yarn, which were
unchsmged when tested on the convex side.

For the PC2 panels, in which the orientation of warp yarn was 450
and 90°, there was no significant c-e in the flexural modulus of the
fls,tsections on postforming, with one exception, in which the flexural
modulus for the postformed flat sections was more than that for the
original molded flat sections, when the angle of the warp yarn was OO.
When the postformed panels were tested on the convex side, the moduli
for the formerly 45° and 90° curved sections were equal to or up to
approximately 20 percent greater than the modulus for the corresponding
flat section. There was no significant difference between the vslues

● obtained for the 45° and the 90° sections tested on the convex side.
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When the postformed panels were tested on the concave side, however, the
modulus for the formerly 4’3°curved sections was 5 to 10 percent lower
than that for the corresponding flat section, snd the values obtained
for the formerly 90° curved sections were approximately 10 to 20 percent
lower thsm those obtained for the correspondingflat section.

The flexural modulus of elasticity of the flat sections of the
MC1 samples was greater than that of the MC2 ssmples but, after post-
forming, the reverse was true for the formerly flat sections and the
formerly curved sections.

The results of the water-absorptiontests are shown in figures 10
and 11 and table XVI. For the original molded MC1 V-panels, in general,
there was no appreciable difference in the water absorption of the flat
sections, 45° curved sections, and 90° curved sections (fig. 10(a)).
Also, there was no appreciable effect of warp-yarn orientation on water
absorption.

Postforming the V-panels dld not appreciably affect the water absorp-
tion of the flat sections of the PCl panels. However, the water absorp.
tion increased for the formerly 45° and goo curved sections, the increase
being approximately 25 percent for the 45° sections and approximately
50 percent for the 90° sections. Again, there was no significant varia-
tion of water absorption with warp-yarn orientation.

In the tests on the MC2-molded V-panels (fig. 10(b)), the water
absorption was less for the psnels with the 0° warp-yarn orientation
than for the panels with 45° and 900 orientation. This was true for the
flat sections and the 45° and 900 curved sections. QSO, there was some

indication that the water absorption was less for the 45° and 90° curved
sections than for the correspondingflat sections.

For the postformed PC2 panels, there was an increase h water absorp-
tion of the flat sections and former3y 45° curved sections ordy when the
warp yarn was oriented OO. This increase was approximately 20 percent.’
For the panels in which the wsrp yarn was oriented 45° and 900, post-
forming did not affect the water absorption of these sections. The post-
formed formerly 90° curved sections, however, showed increases in water
absorption ranging from approximately 10 to 30 percent for alJ.three warp-
yarn directions.

.

&

Both before snd after postforming, the water absorption of the
MC2 panels was greater than that of the MC1 panels.

●
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DISCUSSION

Initial Properties of Sheet Materials

Most of the commercial phenolic-lsminate sheets show a tendency to
exhibit directional variation in mectiical properties as can be observed
from table XVII. Approxhtely half of the materials show different
strengths in the lengthwise and the crosswise directions. Most of the
materials show different strengths in the lengthwise and the 45° direc-
tions. In most cases, the stre&ths are higher in the lengthwise
CLirection.

The lower values noted h the crosswise direction when compared with
those in the lengthwise direction may be due in part to differences in
the yarns per inch of the cloth fabric in the two directions. The lower
values in the 45° direction are probably due to the fact that in this
direction the full strength of the yarns is not utilized.

The data indicate that, usually, for those materials h which the
tensile strength is greater in one direction, the flexural strength is
also greater in that direction.

The two samples SF1 and SF2 that exhibit very high strength values
in the lengthwise direction have rather low strengths in the crosswise.
and 45° directions, probably indicating that the cloth yarns in this
lsminate were preferentially oriented (tables V, VI, VIII, and IX). It

. should be noted that the difference in ysrns per inch in the two direc-
tions for the fabric used in these lsminates is much greater than in any
of the other laminates. None of the other materials show such a Mge
difference In properties between the lengthwise and transverse directions.

The effect of laminating pressure on the properties of flat sheets
can be observed by comparing the results obtained for the SC1 panels
with those obtained for the SC2 panels. Ilothsamples were made of shi.lsr
materials. The lsmina.tingpressure used for the SC1 pane~ was 200 psi
sm.dthat used for the SC2 panels was ljO@ psi. With one exception, the
values for tensile strength, tensile modulus, flexural strength, and
flexural modulus sre greater for the SC2 pmels than for the SC1 panels.

Properties of Heat-Treated Sheet Material

The slight chenges in dimensions observed inmost cases on heating
the laminates represent a reversal of the changes in dimensions that
occur during high-pressure laminating. The thickness increased slightly
on heating end there was au tidication of decrease in length end width.
It is plausible to consider the phenolic resins as being psrtially thermo-

. plastic, with the result that there is a slight tendency for the resin
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to assume its original dimensions when heated. This resulting increase
in thickness would result in a tendency toward partial delamination of
the lsminate, lesilingto a decrease in strength properties which is
observed as .aresult of the heating cycles.

Effect of Industrial Postforming on

Properties of Flat Sections

The PG1 ssmples showed larger chsnges in flexural properties end
water absorption due to postforming than did the PG2 ss.n@es. This iS

probably due to the fact that the postforming operation was much more
severe for the former ssmples them for the latter. The postformed
PGl sample contained several 90° bends whereas the PG2 ssmple contained
only one 30° bend. According to the fabricator, the same heating cycle
was used in both cases.

The water-absorptionresults indicate that the greatest effects of
postforming occur at the curved sections. It was noted that in these
curved sections, the fabric was more prominent in the outer surface and
numerous fine cracks appeared in the resin.

Properties of Molded Angles and Channels

The strength and modulus of flat portions from the commercially
molded channels MBl and angles MS2 are considerably less than those of
flat sheets msd.efrom similsr materials. However, the strength and
modulus of the flat sections from the V-panels molded in the laboratory
at the National Bureau of Standards are in most cases higher than those
of similar flat sheets. These differences in behavior between commercially
molded ad laboratory-moldedparts may be due to differences in fabrica-
tion conditions or techniques. Thus, it appears that the strength and
modulus of flat portions of molded laminate sections may or may not be
different from those of sheet lsminates.

Effects of Postforming on Properties of Curved Sections

As stated previously, the strengths of the flat sections of the
laboratory molded V-psnels are in most cases higher thsn those of sheet
lsminates, whereas industriallymolded parts have lower strength values.
In addition, the postforming heating cycle did not affect the flexural
strength of the flat sections of the V-panels in most cases, whereas the
flexural strength of commercial sheet lsminates decreased as much as
approximately 10 percent on heating in most cases. These differences
in behavior may be due to fabrication techniques.

.

.

.
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The PC2 psnels were made of materials used in postforming-graile
lsminates whereas the PC1 panels were not. This difference is reflected
in the slightly higher flexural strengths of the postformed PC2 panels in
two cases only, when specimens of the formerly curved sections with 0°
and with 90° wsrp ysrn were tested on the convex side. In addition, the
water absorption is greater for the PC2 panels thsm for the PCl, both
before snd after postforming. However, the flexural modulus of elasticity
of the PC2 panels was consistently greater than that of the PCl panels,
with one”exception. These results would indicate that shapes postformed
from postforming-grade lsminates do not necessarily have superior prop-
erties for structural and semistructural applications than do those fab-
ricated from regulsr-grade lsminates.

In most cases, the strength of the formerly 90° curved sections was
equal to or lower than that of the formerly 450 curved sections snd the
water absorption was higher. These latter results are in agreement with
the results obtained on the commercially postformed shapes. These results
would indicate that the higher the angle of bending, the more the proper-
ties of the material sre affected.

In generel, the flexural-strength values for the formerly curved
sections when tested on the convex side were higher than when tested on
the concave side. In postforming, compressive stresses sre induced in
one surface of the formerly curved sections and tensile stresses in the
other. When the specimens me tested on the concave side, the side with

. the residual compressive stresses is in tension, and, when tested on the
convex side, the side with the residual tensile stresses is in tension.
One might therefore expect the specimens tested on the concave side to.
give higher strengbh values than the specimens tested on the convex side.
Actually, the reverse was found to be true. One explanation is that there
is probably a realtiement of residual.forces in the laminate when the pres-
sure applied in postforming is removed because of the tendency of the
material nesr the neutral axis to assume its origtial position. Because
of this alinement, the face formerly in compression would now be in tension
and vice versa. Thus, when the specimens sre tested on the concave side,
the face in tension already has a residual tensile stress, which would
tend to decrease the flexural strength. The reverse is true for the
convex side snd results in higher strength values for the specimens when
tested on the convex side than when tested on the concave side.

CONCLUDING REMARKS

Tests were conducted to determine the properties of flat sheets,
molded shapes, and postformed shapes of cotton-fabric phenolic laminates.

. Most commercial cotton-fabricphenolic sheet laminates tested showed
directional variations in mechanical properties. In most cases, the

●
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values obtained when the specimens were tested at a 45° orientation to
the warp yarn in the top ply srreup to 25 percent lower than those
obtained when the specimens were tested lengthwise or crosswise. For
materials h which the tensile strength ad modulus were greater in one
direction, the flexural strength snd modulus also tended to be greater
in that direction.

Postforming may or may not affect the strength properties of flat
sections, probably depending on the fabrication technique and possibly
the resins used. In general, the strength of curved sections decreased
on postforming and the water absorption increased. The degree to which
these properties changed increased as the bending sagle increased. The
flexural strength of postformed curved sections was higher when the load
was applied to the convex side than when it was applied to the concave
side.

The molding of shapes of phenolic lsminates may or may not reduce
the strength properties of the laminate, probably depending on the fab-
rication techniques.

National Bureau of Standards,
Washington, D. C., June 15, 1953.

.

.

.

.
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Figure 2.- ~Ot3ffOrlll@j blsnk ad ammunition chute part postformed frm
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. Figure 6.- Orientation of specimens from molded V-sections and flat panels
postformed from V-sections, samples MC1 and NK2 and ssmples FC!land
PC2, respectively.
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Figure 7.- Variation of flexural strength of postformed curved sections,
ssmple RX.
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Figure 7.- Concluded.
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Figure 10.- Effect of postforming on water absorption of molded V-secttons.
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